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Graphical Abstract 
 
 
Structural characterization of integral membrane proteins is an arduous task that requires 
patience and innovation for progress.  In this paper we characterize the secondary 
structure of a three transmembrane domain fragment of the Ste2p G protein-coupled 
receptor from Saccharomyces cerevisiae.  Methods are introduced to increase expression 
and stability of this protein for future structural characterization.  
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Abstract  
This report summarizes recent biophysical and protein expression experiments on 
polypeptides containing the N-terminus, the first, second and third transmembrane 
domains and the contiguous loops of the α-factor receptor Ste2p, a G protein-coupled 
receptor. The 131-residue polypeptide Ste2p(G31-R161), TM1-TM3 was investigated by 
solution NMR in trifluorethanol/water: TM1-TM3 contains helical transmembrane 
domains at the predicted locations, supported by continuous sets of medium-range NOEs. 
In addition, a short helix N-terminal to TM1 was detected, as well as a short helical 
stretch in the first extracellular loop. Two 161-residue polypeptides, [Ste2p(M1-R161), 
NT-TM1-TM3], that contain the entire N-terminal sequence, one with a single mutation, 
were directly expressed and isolated from E. coli in yields as high as 30 mg/L. Based on 
its increased stability, the L11P mutant will be used in  future experiments to determine 
long-range interactions. The study demonstrated that 3-TM domains of a yeast GPCR can 
be produced in isotopically labeled form suitable for solution NMR studies. The quality 
of spectra is superior to data recorded in micelles and allows more rapid data analysis. No 
tertiary contacts have been determined, and if present, they are likely transient. This 
observation supports earlier studies by us that secondary structure was retained in smaller 
fragments, both in organic solvents and in detergent micelles, but that stable tertiary 
contacts may only be present when the protein is imbedded in lipids. 
 
Key words: GPCR fragments, biosynthesis, isotopic labeling , solution-state NMR 
 
Abbreviation List: G protein-coupled receptor, GPCR; transmembrane, TM; nuclear 
magnetic resonance, NMR; Ste2p(G31-T110), TM1-TM3; trifluoroethanol, TFE; Ste2p 
(M1-R161), NT-TM1-TM3; Luria Broth, LB; ampicillin, Amp; isopropyl β-D-1-
thiogalactopyranoside, IPTG; reverse phase high performance liquid chromatography, 
RP-HPLC; Circular Dichroism, CD; sodium dodecyl sulfate, SDS; 
lysomyristoylphosphatidylglycerol, LMPG; N-terminus, NT; extracellular loop 1, EL1; 
paramagnetic relaxation enhancements, PREs; Ste2p (M1-R161, L11P), NTL11P-TM1-
TM3.    
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Introduction 
In the early 1960s the laboratory of Professor Murray Goodman initiated a 
seminal series of studies using synthetic homo-oligopeptides to understand aspects of 
peptide and protein structure. These studies led to fundamental insights into the chain 
length dependence of the formation of α-helices [1]. The initial studies were significantly 
expanded by the Toniolo group to provide information on β-structure formation both in 
solution and in the solid state [2, 3]. Most importantly the use of synthetic peptides as 
surrogates to probe questions related to protein structure was established. Since these 
early investigations thousands of investigations have been conducted on the 
conformational preferences of carefully designed peptides leading to breakthroughs in 
our understanding of β-hairpin or β-turn formation and the assumption of structure by β-
and γ-peptides [4-7].  
 In this report we present studies on folding of a GPCR using a 3-transmembrane 
containing peptide surrogate of the α-factor receptor from the yeast Saccharomyces 
cerevisiae. This report describes our most recent work on Ste2p peptide surrogates, which 
began in the early 1990s, some of which was recently reviewed [8]. Here we report 
conformational preferences of a 130-residue peptide corresponding to the first 3 TM 
domains of the Ste2p receptor and two of its loop regions encompassing residues 31-161 
in an organic:aqueous medium that was used as a membrane mimic previously [9]. This 
work reflects an outgrowth of training and an approach that one of us (FN) received in 
the Goodman laboratory and it is dedicated to the memory of Dr. Goodman and to the 
myriad of scientists who were trained under his mentorship.   
 Structural characterization of G protein-coupled receptors is notoriously difficult 
due to the inherent properties of these receptors, with high-resolution crystallographic 
structural information available to date for slightly more than 20 of the ~1000 identified 
GPCRs [10-40].  Modifications of most of these proteins through introduction of 
conformation-stabilizing mutations resulting in higher melting temperatures, 
crystallization in presence of antibodies, truncation of flexible segments, and insertion of 
a crystallization-nucleation protein into the long and flexible third intracellular loop were 
necessary in order to facilitate stability and crystal packing interactions.  Although 
crystallographic studies of GPCRs have provided fundamental information, most of those 
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modifications compromise the activity of the proteins, and therefore sparse information 
on the dynamics of the protein has been obtained so far.  Accordingly, nuclear magnetic 
resonance (NMR) spectroscopy investigations are a valuable complement to 
crystallographic analyses. 
NMR investigations of GPCRs are hampered by a number of technical issues 
associated with the production of the large quantities of isotopically labeled receptor 
required for NMR in the expression hosts that were used by crystallographers, by the 
difficulty of establishing conditions that mimic the biologically relevant environment of 
the receptor while still providing good-quality spectra, by the tendency of these 
membrane proteins to aggregate, and by the large size of the protein/lipid complexes. To 
date, NMR investigations have been reported for heptahelical integral membrane 
proteins, the vasopressin receptor, the CXCR1 receptor, the CB2 receptor, the β2-
adrenergic receptor, and sensory rhodopsin and proteorhodopsin [41-48].  The studies on 
the CB2 and β2-adrenergic receptors have focused on dynamics utilizing a mixture of 
NMR and molecular stimulations to better understand conformational changes [47, 48]. 
High-resolution solution state structures have been reported for the bacterial GPCR 
analogues sensory rhodopsin and proteorhodopsin [46, 49]. These proteins are somewhat 
smaller in size when compared to most GPCRs, less flexible, and hence more well-
behaved.  Solid-state NMR was used for the determination of the NMR structure of the 
mammalian CXCR1 receptor in phospholipid bilayers[43]. While solid state approaches 
hold promise for the future, an NMR structure for a full-length, mammalian GPCR based 
strictly on measured constraints has yet to be determined.    
 In an effort to overcome some of the difficulties associated with the NMR 
characterization of full-length GPCRs, several groups have focused on the 
characterization of fragments of GPCRs. Fragments are often easier to express in high 
yields, and the smaller number of residues leads to less crowded spectra.  Our group 
studies the yeast α-factor receptor, Ste2p, a 431-residue peptide ligand receptor, which 
we are using as a model system for GPCR methods development.  We have published the 
only solution structure for a GPCR fragment containing two TMs [TM1-TM2; 
Ste2p(G31-T110)] in LPPG micelles and in 2,2,2-trifluoroethanol (TFE):water mixtures 
[9, 50].  In both cases, the fragment is helical and forms a hairpin.  However, the helical 
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hairpin is more stable in LPPG and only transiently formed in TFE:water.  The formation 
of a tertiary structure, even a transient tertiary structure, supports the hypothesis that large 
domains of a GPCR can fold independently of the remainder of the protein. 
 All X-ray structures of GPCRs show that every TM domain is in contact with at 
least two other TM domains. Therefore, we hypothesized that increasing the size of our 
Ste2p fragment to 3TM domains would increase the probability of forming tertiary 
contacts and potentially result in a more stable structure through increased mutual 
stabilization.  As a result, we expanded our structural characterization to a 3TM 
containing fragment of Ste2p(G31-R161), TM1-TM3.  This fragment contains 131 
residues of Ste2p, including 19 residues from the N-terminal domain, the first TM 
through the third TM with connecting loops and five residues of the second intracellular 
loop.  Here we report details of a structure and dynamics study on Ste2p TM1-TM3 in 
50% TFE:water. Recently, we showed that the addition of the first 30-residues of the 
Ste2p N-terminus increased expression and the stability of Ste2p TM1-TM2 in NMR 
preparations [8].  We will also report on the expression and biophysical characteristics of 
Ste2p (M1-R161) NT-TM1-TM3, which contains 161-residues of Ste2p including the 
entire N-terminal domain and the same TMs and loops as above.   
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Materials and Methods 
 
Assignment of Side Chain Resonances 
 NMR backbone assignment of the TM1-TM3 fragment of Ste2p in TFE:water at 
45°C was previously reported [51].  Side chain resonances were assigned using the 
HCCH-TOCSY [52, 53], HCCC(CO)NH [54], and (HM)CM(CGCBCA)NH and 
(HM)CM(CBCA)NH [55] experiments using NMRView 5 [56] and CARA [57].  Briefly, 
Cα and Cβ annotations from the backbone assignments were confirmed in the 
HCCC(CO)NH spectra. The latter were also useful to obtain frequencies of the connected 
protons. Sidechain assignments of aliphatic resonances were then completed with the 
help of HCCH-TOCSY spectra starting from anchoring resonances in the 2D [13C,1H]-
HSQC experiments. In general, the [13C,1H]-HSQC spectrum was very crowded, and 
assignment of sidechain resonances using the CA and CB chemical shifts was difficult.  
Assignments of methyl groups in the ILV-labelled sample was performed using 
experiments published by the Kay group [55, 58] that start on methyl protons and connect 
to amide moieties. Knowledge of methyl assignments then facilitated sidechain 
assignments via HCCH-TOCSY correlations form the methyl moieties. The spectra were 
acquired using either a three-channel Varian NMR-S 600 MHz NMR spectrometer 
(Varian NMR Instrument, Palo Alto, CA) with a z-axis pulsed-field-gradient and a 
Varian 5mm [1H, 15N, 13C, 2D] cryo-probe at the College of Staten Island, a three-channel 
Bruker AV-700 700 MHz NMR spectrometer (Bruker, Billerica, MA) equipped with a 
CRYO TXI inverse triple resonance cryoprobe at the University of Zurich, or a four-
channel Bruker 800 MHz NMR spectrometer (Bruker, Billerica, MA) equipped with a 
CRYO TCI triple resonance cryoprobe at the New York Structural Biology Center. 
 
Confirmation of Secondary Structure Localization in Ste2p TM1-TM3 (G31-R161) using 
15N T2 relaxation and H,D Amide Exchange 
15N T2 relaxation experiments were performed on a 0.5 mM [15N]-TM1-TM3 
sample solubilized in 50% TFE-d2:(water+0.1% TFA) (Sigma, St. Louis, MO).  A series 
of eight [15N,1H]-HSQC-based CPMG experiments were performed with varying 
relaxation times of 0, 10, 30, 50, 70, 110, 150 and 210 ms.  The data were processed and 
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the rate analysis function of NMRView5 was used to calculate the relaxation time for 
each residue.  
H,D amide exchange analysis was performed on a 0.5 mM [15N]-TM1-TM3 
sample obtained by dissolving lyophilized protein in a fully deuterated solvent 50% TFE-
d3:(D2O + 0.1% TFA-d1) (Sigma, St. Louis, MO).  A series of [15N,1H]-HSQC 
experiments were measured at 40 minute intervals for a total of 5 hours.  Additional 
spectra were collected daily with the final spectrum collected eight days after the original 
sample preparation.  The rate analysis function of NMRView5 was used to calculate the 
exchange time for each assigned residue, resulting in a logarithmic plot of the exchange 
time vs. residue number (see Figure 1A).  
 
Assessment of the Relative Flexibility of Ste2p TM1-TM3 (G31-R161) using an Analysis 
of the 15N{1H}-NOE 
 A 0.5 mM sample of [15N]-TM1-TM3 was solubilized in 50% TFE-d2:water and 
subject to analysis of the 15N{1H}-NOE both at 45°C and 30°C. Amplitudes and volumes 
for each crosspeak in each data set were calculated using CARA.  The 15N{1H}-NOE was 
derived by computing the ratio of peaks in the spectra with and without prior proton 
irradiation. 
 
NOESY Assignment and Structure Calculation for Ste2p TM1-TM3(G31-R161) 
  Backbone chemical shift assignments were used to calculate torsion angles for 
TM1-TM3 using TALOS+[59]. The ATNOS-CANDID[60, 61] component of the UNIO 
suite, that is interfaced with the structure calculation program CYANA[62], was used for 
automated assignment of the 3D [13C]- and [15N]-resolved NOESY spectra based on the 
assigned backbone and sidechain chemical shifts.  A seven-cycle CYANA iteration using 
the 3D [15N]- and [13C]-resolved NOESY spectra as well as the TALOS-derived torsion 
angle restraints was used to calculate 80 structures, and the 20 lowest energy structures 
for TM1-TM3 were analyzed in detail.  
 
Direct Expression of NT-TM1-TM3 Protein Fragments 
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 A construct containing an N-terminal His6-tag, followed by the full N-terminal 
tail and an S104C mutation (NT-TM1-TM3, Ste2p(M1-R161, S104C) corresponding to 
Ste2p(M1-R161) was cloned and expressed.  The plasmid containing the NT-TM1-TM3 
sequence was transformed into BL21(DE3), 20 µL of the transformation reaction was 
used to inoculate 50 mL of Luria Broth containing ampicillin (LB/Amp). The culture was 
grown overnight at 37°C and used to inoculate 1 L of LB/Amp, and the cells were grown 
at 37°C until an OD600 of approximately 1 was reached.  The cells were then pelleted at 
4000 rpm for 20 minutes and resuspended in M9 minimal medium using 13C-glucose and 
15NH4Cl as the sole carbon and nitrogen sources as needed, respectively (Cambridge 
Isotope Laboratories, Andover, MA).  Expression was induced by the addition of 0.1 mM 
isopropyl β-D-1-thiogalactopyranoside (IPTG), and the culture was incubated at 30°C for 
22h, after which cells were pelleted at 5000 rpm for 20 min.  Inclusion bodies were 
prepared from the cell pellets as previously described [63], with the addition of 5 mM 
dithiothreitol to the lysis buffer.  Inclusion body pellets were dissolved in 70% TFA by 
sonication and purified by preparative reverse phase high performance liquid 
chromatography (RP-HPLC) on a Zorbax 300SB-C3 Prep HT (Agilent, Santa Clara, CA) 
21.2 x 150 mm, 7 micron column at 60°C using gradient elution with an acetonitrile/2-
propanol gradient from 30% to 72% Solvent B (80% acetonitrile, 20% 2-propanol, 0.1% 
TFA) where Solvent A contained 80% water, 20% 2-propanol, 0.1% TFA).  After 
purification, 15N, 15N13C and 15N13C2H-labelled proteins were lyophilized.  
 
Circular Dichroism Spectroscopy of Ste2p TM1–TM3 and NT-TM1-TM3 Peptides. 
CD spectroscopy was used to access the secondary structure of the TM1–TM3 
peptides. Experiments were carried out in both organic:aqueous solvents and detergents. 
Peptides were solubilized by sonication in 50% TFE:(water+0.1% TFA) and the 
concentration of the peptide stock solution was determined by UV absorbance at 280nm.  
The molar extinction coefficient of 12,950 M-1cm-1 was used for short M1M3 peptide and 
19035 M-1cm-1 for NT-TM1-TM3 and NTL11P-TM1-TM3. The extinction coefficients 
were calculated using 1490 for Tyr, 5500 for Trp and 125 for Cys residues. This stock 
solution was portioned and lyophilized to yield approximately 20 µM or 7 µM solutions 
in detergent and TFE:water media, respectively. The detergents were prepared as 20 mM 
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sodium dodecyl sulfate (SDS) (Sigma, St. Louis, MO) or 
lysomyristoylphosphatidylglycerol (LMPG) (Avanti Polar Lipids, Alabaster, Alabama) in 
20 mM sodium phosphate buffer, pH 5.0. All samples were sonicated at 40 oC for 5 min 
at 40 W using a S3000 sonicator (Farminigdale, NY) with a cup horn. The spectra were 
recorded on an Aviv Model 410 CD instrument (Aviv Biomedical, Lakewood, NJ). For 
the organic:aqueous studies, a quartz cuvette with a pathlength of 1 mm was used. For the 
detergent studies, a quartz cuvette with a pathlength of 0.2 mm was used. The spectra 
were collected over a wavelength range of 260 nm to 190 nm in increments of 1 nm.  An 
average of four scans was taken in all cases, and the background subtraction used the 
spectrum from the solvent medium.  The raw data were then converted in mean residue 
molar ellipticity (deg cm2 dmol -1). Deconvolution analysis was performed using the 
CDNN software [64]. 
 
NMR Analysis to Determine Peptide Stability at High Concentrations.  
For NMR investigations in organic:aqueous media, 2-3 mg of lyophilized protein were 
solubilized in 175 µL of TFE and sonicated as above. After sonication, 175 µL of water 
containing 0.1% TFA were added and the sample was sonicated again. A clear solution 
was obtained and the sample was transferred to a Shigemi NMR tube (Shigemi, Allison 
Park, PA). 1H NMR experiments were conducted at 45 °C on a three-channel Varian 
NMR-S 600 MHz NMR spectrometer (Varian NMR Instrument, Palo Alto,  CA) with a 
z-axis pulsed-field-gradient and a Varian 5-mm [1H, 15N, 13C, 2D] cryo-probe. Sample 
stability was assessed by measuring the overall peak integral for amide NH, NH2 and 
aromatic area from 6.0 to 9.5 ppm for samples incubated for several days at 45°C. 
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Results and Discussion 
Assignment of Side Chain Resonances of TM1-TM3 
Side chain assignments were conducted using the HCCH-TOCSY, 
HCCC(CO)NH, (HM)CM(CGCBCA)NH, and (HM)CM(CBCA)NH experiments as 
described above.  Data from all three experiments were combined to assign all [13C,1H]-
HSQC crosspeaks.  Complete side chain assignments were obtained except for the 
aromatic residues.  A table of all chemical shift assignments is provided in the 
Supplemental Materials (Supplemental Material Table S1) and chemical shifts have been 
added to the BMRB database under accession code 17211. 
 
Assessment of the Secondary Structure of Ste2p TM1-TM3(G31-R161) by H,D Amide 
Exchange and 15N T2 Relaxation Experiments 
 H,D amide exchange and 15N T2 relaxation experiments were conducted in order 
to gain additional insight into the stability of secondary structure of the TM1-TM3 
fragment in 50% TFE:water.  Analysis of the H,D exchange results (Figure 1A) reveals 
that, in general, the residues in the predicted TM helices (boxed regions) displayed 
reduced H,D exchange rates when compared to those in the loop regions.  The majority 
of the exchange times in the predicted helices range from approximately 10-200 h while 
they are between 0.02-1 h in the loop regions.  Accelerated exchange is also observed in 
the middle of TM1, centered around the GXXXG motif.  The predicted TM helix 
boundaries[51] seem to correlate very well with the exchange data for residues of TM1 
and TM3, as slow exchange is only observed within the TM regions (indicated by boxes 
in Figure 1A), while fast exchange is restricted to loop regions.  Except for residues in the 
very center of TM2, the exchange data for TM2 reveal that many residues near the ends 
of the helix possess exchange times between 1 and 10 h indicating reduced stability. This 
finding deviates from the conclusions previously reported that were derived from 
chemical shift analysis[51]. The putative TM3 displays more stable hydrogen bonds at its 
N-terminus, however the differences in exchange times across the helix are, in general, 
not as large as in TM2. In addition to the TM helices, the chemical shift analysis 
indicated the presence of helices encompassing residues 38 to 49 or 108 to 115 within the 
N-terminus (NT) and the extracellular loop 1 (EL1), respectively[51]. These helices are 
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not detected in the H,D exchange data indicating that they are rather unstable.  
15N T2 relaxation times (Figure 1B) are between 25 and 50 ms in the TM 
segments, and adopt values on the order of hundreds of milliseconds at the termini and 
around 50 ms in the loops.  We observed increased relaxation times for the GXXXG 
region in TM1.  TM1 again appears to be N-terminally extended, and this extension 
correlates well with the position of the N-terminal helix. Interestingly, relaxation times 
for residues in EL1 gradually increase until residue 120.  This gradual increase is 
consistent with the presence of a short helix in the beginning of EL1.  Furthermore, the 
relaxation times in TM2 are the shortest of the 3 TM regions. Overall, the relaxation 
results seem to confirm the helix boundaries previously identified from secondary 
chemical shifts [51]. We note that exchange data allows us to differentiate different 
degrees of helix stability for residues that may display very similar relaxation data as the 
latter in addition to helix stability may contain contributions from conformational 
exchange. 
 
Assessment of the Relative Flexibility of Ste2p TM1-TM3(G31-R161) by Analysis of the 
15N{1H}-NOE 
Analysis of the 15N{1H}-NOE has also been used to gain insights into the 
flexibility of membrane proteins [65]. Based on previous studies on the TM1-TM2 
fragment of Ste2p [9] it was expected that the TM1-TM3 construct would be more 
structured at lower temperature.  Accordingly, a series of HSQC experiments were run in 
5°C decrements from 40°C to 25°C in order to transfer the backbone amide assignments 
(data not shown).  It was found that 30°C was the lowest temperature at which chemical 
shift adaptations could be performed.  Accordingly, 15N{1H}-NOE experiments were 
performed at both 45°C and 30°C.  
15N{1H}-NOE data collected at 45°C (Figure 2, top) closely reflect trends in the 
T2  data.  Both the N and C-termini display negative or small positive values, suggesting 
that these regions of the fragment are highly flexible.  The three major regions with 
15N{1H}-NOE above 0.5 fall within the putative TM regions (dashed lines, Figure 2), but 
also include the short helix N-terminal to TM1.  There is a small dip at the GXXXG 
motif in TM1.  The putative loop regions show increased mobility relative to the TM 
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regions. Again, the N-terminus of EL1 displays decreased mobility in agreement with the 
presence of some degree of order in that part of this loop. 
In general, data at 45°C seem to contain less noise in comparison to the 30°C 
data, likely due to the fact that peaks can be integrated more reliably at the higher 
temperature at which the lines are sharper and spectral overlap is less of a problem.  At 
30°C, the 15N{1H}-NOE for most regions of TM1-TM3 increases slightly.  For example, 
TM1 appears to become less mobile at decreased temperature (many ratios >0.7), while 
the trend for increased mobility within the GXXXG motif is retained. We believe that, in 
general, the data supports increased overall rigidity for the protein at 30°C. The most 
significant differences are observed for EL1, for which the C-terminal half becomes 
rigidified as reflected in an increase of the 15N{1H}-NOE from 0 to approximately 0.25.  
We attribute the effect to a stabilization of secondary structure triggered by formation of 
tertiary contacts. The more frequent formation of these contacts results in part in 
exchange broadening of resonances, resulting in the observed problems in integration of 
spectra and deterioration of spectra quality at the lower temperature.   
 
NOESY Assignment and Structure Calculation for Ste2p TM1-TM3(G31-R161) 
 A total of 342 intraresidual (|i-j|=0), 531 sequential (|i-j|=1), 873 short-range (|i-j| 
≤ 1), 544 medium-range (1<|i-j|<5), and 5 long-range (|i-j|≥5) restraints were used in the 
calculation (Supplemental Material Figure S1 and Table S2).  The twenty lowest-energy 
of the computed 80 structures were used to evaluate the structure. They had target 
function values ranging from 0.6 to 1.41.  A total of 10 violations were observed (9 
distance and 1 van der Waals violations).  90.3 % of dihedrals fell within the most 
favored regions of the Ramachandran plot, with the remaining 9.7% located in the 
additionally allowed regions (Supplemental Material Figure S2).  As expected, the 
majority of the residues in the most favored region were in the right-handed α-helix 
portion of the plot.   
An analysis of typical NOE contacts identified revealed a large number of i, i+3 
contacts throughout the N-terminus-TM1 region (Figure 3) for residues 36-49, 51-59, and 
63-74.  The absence of i, i+4 contacts for residues 49-51, that corresponds to the junction 
between the N-terminal helix and TM1, suggests a destabilization of the α-helix at this 
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position.  Similarly, the absence of i, i+4 contacts around the GXXXG motif in TM1 is 
consistent with reduced secondary chemical shifts, accelerated H,D exchange, and 
decreased T2 relaxation.   
The boundaries of the second helix are consistent with a C-terminal extension.  
This extension may also be the result of the helix-inducing properties of TFE:water, as it 
most likely represents an elongation of TM2 by part of EL1. Absence of i, i+4 contacts 
for residues 102-105 indicates the transition from TM2 to EL1.  Finally, the boundaries 
of TM3 are consistent with conclusions from sequence-based secondary structure 
prediction software [66-69].   
 As very few long-range contacts were identified in the NOESY data, the final 
calculated conformers showed little convergence resulting in a large RMSD when 
superimposing the entire sequence.  Therefore we superimposed only single TMs or even 
parts of them in the following analysis (Figure 4A, Table 1). The helices spanning the NT 
and TM1 (NT-TM1) and TM3 superimpose with backbone RMSDs of 3.02 for and 0.99 
Å, respectively.  As expected RMSDs improved when excluding segments for which no i, 
i+4 contacts were observed (Figure 4B, Table 1). The resulting backbone RMSDs were 
2.36 ± 1.16 Å for TM1, 1.03 ± 0.41 Å for TM2,  1.49 ± 0.51 Å for TM3, and 0.43 ± 0.18 
Å and 0.69 ± 0.28 Å for the short NT and EL1 helices, respectively.  The higher RMSD 
in TM1 is likely due to fluctuations about the central GXXXG motif.  RMSD calculations 
performed using the  TM boundaries from the sequence-based prediction software 
(Figure 4C, Table 1) and those derived from the homology model from Eilers [70] 
(Figure 4D, Table 1) resulted in the smallest RMSDs but these superimposed segments 
are also the shortest.  Unfortunately, significant peak broadening at 25°C, did not allow 
recording of useful spectra under these conditions. This precluded the detection of NOEs 
that would be expected if tertiary structure would be present at this temperature. The 
secondary structure determined based on NOEs is more accurately reflected in the T2 data 
in comparison to H,D amide exchange. 
Our previous work has indicated that transient tertiary structure can be formed at 
lower temperatures (25°C) in an organic:aqueous solvent [9] but that more stable tertiary 
structures are formed in micellar environments [50].  Whether this also the case for TM1-
TM3 is presently under investigation in our laboratories.  
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Direct Expression and Purification of NT-TM1-TM3: Maximizing Expression through 
Protein Engineering 
 Despite extensive attempts to optimize NMR conditions and obtain reproducibly 
spin-labeled 131-residue TM1-TM3 for measuring paramagnetic relaxation 
enhancements (PREs), the expression of the TM1-TM3(S104C) mutant proved extremely 
challenging. Direct expression led to very low and unreproducible yields, and CNBr 
cleavage of a TrpΔE fusion S104C protein resulted in no recoverable product.  In 
contrast, following a recently developed approach for TM1-TM2 [8], direct expression of 
the longer Ste2p(Met1-R161, S104C) [NT-TM1-TM3] without fusion to a leader 
sequence (Supplementary Material Figure 3A) doubled yields to up to 30 mg per liter of 
culture.  Expression was not always reproducible, however, and sometimes we 
experienced trouble with NMR sample preparation where the protein would go into 
solution but the solution would become gelatinous or the protein would precipitate over 
time. An additional mutation in the N-terminus, L11P (NTL11P-TM1-TM3), resulted in 
more reproducible expression yields and stable protein samples (vide infra) 
(Supplementary Material 3B).  Previous work demonstrated that mutations in the N-
terminus of Ste2p may result in changes in surface expression and signaling of this 
receptor in vivo [71-73].  SCAM analysis has indicated that downstream of residue 11 
there is a β-sheet present [72, 73] and this region was also predicted to have β-strand 
potential between L8 and T16 [74-76]. The presence of proline at position 11 can disrupt 
this conformation.  Furthermore, recent work in the Becker lab on the functional 
implications of NT deletions revealed that Ste2p constructs missing residues 1-10 or 11-
20 have increased biological function as indicated by reporter gene activity and/or mating 
efficiency (unpublished results). Since the N-terminus has been implicated in Ste2p 
dimerization [73] the destabilization of the β-strand by the Leu11Pro could have resulted 
in decreased aggregation resulting in more reliable expression yields and protein samples 
that will be amenable to NMR analysis. Our preliminary results demonstrate that this is 
the case for NTL11P-TM1-TM3. 
 
Biophysical characterization of NT-TM1-TM3 and comparison to TM1-TM3 
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 CD spectroscopy was used to determine if the presence of the NT changes the 
overall secondary structure and fragment stability in TFE:water samples or micellar 
solutions.  Previous analysis has indicated that a correlation between CD spectra and 
NMR analysis is useful to determine solvent conditions for NMR.  The CD patterns of 
TM1-TM3, NT-TM1-TM3, and NTL11P-TM1-TM3 were measured in two different 
TFE:water mixtures and micellar preparations. Furthermore, these samples were analyzed 
over a week to determine stability of the solution. 
 No difference in CD spectra was observed between 50% TFE:water and 67% 
TFE:water for the three protein samples TM1-TM3, NT-TM1-TM3, and NTL11P-TM1-
TM3 (Figure 5, left panels).  The resulting spectra were analyzed for secondary structure 
tendencies using the deconvolution program CDNN[64] (Table 2).  There was an overall 
decrease in helicity of the NT containing peptides which is likely due to an increase in the 
amount of β-sheet tendency in these peptides as described above.  The β-strand 
percentage in NTL11P-TM1-TM3 is decreased, presumably due to the presence of Pro11 
which should lower the β-strand tendency of the NT.  As a result, the overall helicity of 
this peptide fragment increases when compared to the same peptide without the proline 
mutation.  Similar structural tendencies are observed in micellar environments (Figure 5, 
right panels, Table 2).  However, the amount of β-sheet structure in micellar 
environments compared to the organic aqueous mixtures is higher in all of the peptides. 
No differences were observed after one week at room temperature indicating that at the 
low concentration used in CD measurements, the protein samples are stable. 
 Preliminary investigations of NMR sample conditions have shown that the NT-
TM1-TM3 peptides are more stable in 67% TFE:water than in 50% TFE:water.  Under 
similar conditions and concentrations the sample of NTL11P-TM1-TM3 remains clear for 
longer time than TM1-TM3 or NT-TM1-TM3. After 6 days of incubation at 45°C, the 
best behaving sample of NT-TM1-TM3 lost ~30% of the peak intensity in both the 
NH/aromatics region and the aliphatic region.  Conversely, the NTL11P-TM1-TM3 sample 
retained 86% intensities in these same regions after one week.  Most important is our 
observation that the NTL11P-TM1-TM3 sample could be reproducibly prepared and 
remained NMR-stable for at least one week. This type of stability would allow for 
measurements of the 3D and 4D NMR experiments. This was not the case for NT-TM1-
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TM3 lacking Pro11. Pro11 may decrease the aggregation propensity of the N-terminus 
leading to a sample that is more suitable for NMR analysis.  This observation may have 
implications for the development of a full-length Ste2p construct for NMR investigations.  
 
Conclusions 
 Extensive NMR characterization of the TM1-TM3 fragment of Ste2p has been 
conducted in 50% TFE:water.  Complete backbone and sidechain assignments have been 
made for data collected at 45°C.  The backbone assignments were used for qualitative 
secondary structure and dynamics analysis via chemical shift analysis, as well as for H,D 
amide exchange, 15N T2 relaxation, and 15N{1H}-NOE  measurements.  All analyses 
indicate the presence of three TM helices, with boundaries in close agreement with 
sequence-based predictions, with additional helicity observed in the N-terminal region 
and the N-terminus of EL1.  Analysis of the 15N{1H}-NOE suggests that certain areas of 
the fragment become less mobile at reduced temperatures.  Reduction in the relative 
mobility of EL1 at 30°C would be consistent with the conclusion that the fragment adopts 
some degree of tertiary structure at reduced temperature.  As 30°C is the optimal growth 
temperature for Saccharomyces cerevisiae, the organism expressing Ste2p, it is tempting 
to speculate that these tertiary structures are biologically relevant and formed during 
folding of the receptor. 
 The NOE-restrained structure calculation using data collected at 45°C reveals the 
presence of 4 helices.  Three of them are in good agreement with the homology and 
secondary chemical shift predictions.  Alignment of the calculated boundaries for the TM 
regions and the secondary shift boundaries for the NT and EL1 helices reveals acceptable 
convergence and relatively low RMSD values. PRE experiments will need to be 
performed to identify possible long-range contacts. However, our preliminary results 
(data not shown) have not revealed such contacts in the organic:aqueous medium.  
 Our initial hypothesis was that increasing the number of TMs in a GPCR 
fragment would increase the probability for formation of interhelical contacts resulting in 
a better defined tertiary structure in TFE:water.  Comparison of the TM1-TM2 and TM1-
TM3 structural analyses in TFE:water suggests that additional work is necessary to test 
this hypothesis. TM1-TM2 adopted a transient tertiary structure with observable tertiary 
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contacts as judged by PRE experiments. However, to date we have not been able to run 
reproducible PRE experiments with the analogous TM1-TM3 construct. As the size of 
the fragment has increased, the degree of difficulty of the NMR analyses has also 
increased. To a large extent this may be due to the tendency of the larger fragments to 
aggregate in membrane mimetic media, even in organic:aqueous mixtures. It may also be 
possible that TM2 and TM3 compete for overlapping helix association sites on TM1. 
This is likely not the case within the entire receptor, but in the fragments part of the 
interhelical contacts are missing, and hence alternative association modes may occur. As 
we have recently suggested in review articles, the NMR analysis of GPCRs is 
complicated by both conformational exchange broadening and intermolecular interactions 
[8, 77]. Part of this conformational flexibility is related to the mode of receptor 
activation, and the fact that most receptors display basal activity in absence of agonists. 
GPCRs often have regions with β-strand potential, which would create surfaces that can 
lead to aggregation at the high concentrations used in NMR anlaysis. Furthermore 
numerous studies have concluded that GPCRs form dimers and higher protomers in 
membranes [as reviewed in 78, 79, 80]. Our initial work with the Leu11Pro mutant of 
NT-TM1-TM3 suggests that properly engineered constructs may lower the tendency to 
aggregate which will lead to more stable NMR sample preparations and increased 
spectral quality for NMR analyses.  
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Structural characterization of integral membrane proteins is an arduous task that requires patience and 
innovation for progress.  In this paper we characterize the secondary structure of a three transmembrane 
domain fragment of the Ste2p G protein-coupled receptor from Saccharomyces cerevisiae.  Methods are 
introduced to increase expression and stability of this protein for future structural characterization.  
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Figure 1. Evaluation of the secondary structure of Ste2p TM1-TM3 (G31-R161) by Hydrogen-Deuterium 
amide Exchange and T2 Relaxation. A) Exchange times were calculated from a series of [15N,1H]-HSQC 
experiments conducted at 45°C, and plotted as a function of residue number with an inverse logarithmic 
scale. B) The T2 relaxation times for all residues in TM1-TM3 were measured using the series of experiments 
conducted at 45°C as described.  The boxed helical boundaries are those calculated by sequence-based TM 
prediction software (average of four programs).  
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Figure 2.  Evaluation of the relative mobility of the Ste2p TM1-TM3 (G31-R161) construct by 15N{1H}-
NOE.  [15N,1H]-HSQC experiments were conducted at 45°C and 30°C with and without amide proton 
irradiation.  The ratio of the peak amplitude with the pulse to the amplitude without the pulse for every 
residue in the fragment was calculated and plotted as a function of residue number.  The boxed helical 
boundaries are those calculated by sequence-based TM prediction software (average of four programs).  
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Figure 3:  Inter-residue NOE connectivities for the CYANA structure calculation of Ste2p TM1-TM3 (G31-
R161).  The ATNOS-CANDID component of the UNIO software suite was used for automatic assignment of 
the [13C]- and [15N]-resolved NOESY experiments.  Connectivities are displayed as a function of residue.  
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Figure 4: Convergence of the lowest 20 energy CYANA calculated structures for Ste2p TM1-TM3 (G31-
R161).  The helices were produced by fitting the helical boundaries calculated from the structure (A), those 
determined from inter-residue NOE connectivities (B), the calculated TM boundaries based on prediction 
software and the secondary shift boundaries for the NT and EL1 helices (C), and the template predicted TM 
boundaries and the secondary shift boundaries for the NT and EL1 helices (D).  
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Table 1: Calculated RMSD Values for secondary structure elements of TM1-TM3  
 
Method Putative Ste2p 
Region 
Included 
Residues 
Backbone RMSD Heavy Atom 
RMSD 
Structurea NT-TM1 36-75 3.02 ± 1.41 3.81 ± 1.52 
 TM2-EL1 83-111 2.09 ± 0.81 2.98 ± 0.84 
 EL1 118-121 0.24 ± 0.11 1.17 ± 0.31 
 TM3 132-152 0.99 ± 0.29 1.64 ± 0.29 
NOEb TM1 50-75 2.36 ± 1.16 3.05 ± 1.13  
 TM2 86-103 1.03 ± 0.41 1.98 ± 0.46 
 TM3 131-156 1.49 ± 0.51 2.07 ± 0.44 
 NT 36-49 0.43 ± 0.18 1.31 ± 0.21 
 EL1 105-115 0.69 ± 0.28 1.53 ± 0.40 
Sequence-based  TM1 50-72 2.10 ± 1.09 2.77 ± 1.04 
Calculationc TM2 80-100 1.47 ± 0.5 2.5 ± 0.56 
 TM3 132-152 0.99 ± 0.31 1.64 ± 0.29 
 NT 38-49 0.39 ± 0.18 1.33 ± 0.23 
 EL1 108-115 0.43 ± 0.22 1.14 ± 0.41 
Eilersd TM1 49-66 1.54 ± 0.79 2.1 ± 0.71 
 TM2 84-100 0.82 ± 0.31 1.8 ± 0.34 
 TM3 131-150 0.85 ± 0.28 1.49 ± 0.27 
 NT 38-49 0.39 ± 0.18 1.33 ± 0.23 
 EL1 108-115 0.43 ± 0.22 1.14 ± 0.41 
 
a Boundaries determined in MOLMOL using the Kabsch-Sanders algorithm from the calculated structure. 
bBoundaries from the calculated structure modified based on i, i+4 NOE connectivites. 
cAverage boundaries from sequence-based TM prediction software. 
dBoundaries from the rhodopsin-templated model of Ste2p  
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Figure 5. Secondary structure analysis of TM1-TM3, NT-TM1-TM3, and NTL11P-TM1-TM3 using circular 
dichroism. Left panels: Lyophilized peptides were solubilized in 50% and 67% TFE as described. Right 
panels: Lyophilized peptides were solubilized in 20 mM SDS and LMPG as described. The presented spectra 
represent a solvent-subtracted average of four scans.  
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Table 2. Percentages of secondary structures based on deconvolution of CD data using 
CDNN64 
Peptide TM1-TM3 NT-TM1-TM3 NTL11P-TM1-TM3 
 α-helix β-sheet α-helix β-sheet α-helix β-sheet 
50% TFE 86.0% 1.6% 56.2% 6.1% 80.0% 2.2% 
67% TFE 86.5% 1.5% 61.1% 5.1% 81.2% 2.1% 
SDS 53.6% 6.8% 38.8% 12.7% 46.7% 9.1% 
LMPG 55.3% 6.4% 34.2% 15.9% 32.0% 18.3% 
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